Abstract-For the class-E amplifier in a wireless power transfer (WPT) system, the design parameters are always determined by the nominal model. However, this model neglects the conduction loss and voltage stress of MOSFET and cannot guarantee the highest efficiency in the WPT system for biomedical implants. To solve this problem, this paper proposes a novel circuit model of the subnominal class-E amplifier. On a WPT platform for capsule endoscope, the proposed model was validated to be effective and the relationship between the amplifier's design parameters and its characteristics was analyzed. At a given duty ratio, the design parameters with the highest efficiency and safe voltage stress are derived and the condition is called 'optimal subnominal condition.' The amplifier's efficiency can reach the highest of 99.3% at the 0.097 duty ratio. Furthermore, at the 0.5 duty ratio, the measured efficiency of the optimal subnominal condition can reach 90.8%, which is 15.2% higher than that of the nominal condition. Then, a WPT experiment with a receiving unit was carried out to validate the feasibility of the optimized amplifier. In general, the design parameters of class-E amplifier in a WPT system for biomedical implants can be determined with the proposed optimization method in this paper.
I. INTRODUCTION
R ECENTLY, biomedical implants have been widely used for health and medical applications, such as artificial organ, physiological signal sensing and neural recording and stimulation [1] - [6] . Progress in semiconductor technology has led to miniature, wireless and low-power implantable electronic circuits. Their advantages include lower discomfort, lower infection risk and free activity, which can greatly improve the quality of the patient's life. However, one of their challenges is the limited lifetime of the battery inside. WPT is a promising technology to solve this problem [7] - [16] , which can provide a continuous and adequate power to the implants and reduce their overall size and weight. Capsule endoscope is a common biomedical implant used for the diagnosis of the gastrointestinal (GI) diseases [17] . It can capture the images of the GI tract with its image sensor and wirelessly transmit them to external receiving unit. Fig. 1 shows the diagram of the WPT system for capsule endoscope. It is known that the total efficiency of the system consists of three parts, i.e., the transmitting efficiency, coupling efficiency and receiving efficiency, which are all critically important. With any part's improvement, the total efficiency will be improved and the lifetime of the WPT system driven by battery, which is common for biomedical implants, can be expanded.
Among all the necessary components in the WPT system for biomedical implants, the PA plays an important role for a high efficiency. The class-E PA is the commonly used PA due to its advantages in size, cost and efficiency [18] - [21] . However, its characteristics are easily affected by the design parameters' variations [22] , [23] . For the class-E PA with a shunt capacitance, the nominal condition means zero-voltage-switching (ZVS) and zero-derivative-voltage-switching (ZDVS), while the subnominal condition means only ZVS [24] . In order to achieve a high efficiency, it is known that the PA should operate at the nominal condition [25] . Based on them, the circuit model of the nominal class-E amplifier was derived [26] - [28] and its design parameters and characteristics can be obtained.
However, in the WPT system for biomedical implants, the nominal model has several drawbacks for the following reasons. At first, the PA's load resistance, which consists of the TX coil's resistance and the RX unit's reflected resistance, is in the same range as MOSFET's on-resistance. Hence, MOSFET's conduction loss is large enough compared with the PA's output power and it would also affect the PA's efficiency [29] , which is not optimized in the nominal model. Besides, MOSFET's drain-source voltage (switching voltage) should be within its safety threshold to avoid the breakdown risk, which is also not considered in the model. For the reasons above, the design parameters derived by the nominal model cannot guarantee the highest efficiency and a safe voltage stress and thus a novel circuit model is required. It is known that the switching loss is proportional to the square of the turn-on switching voltage and it would greatly reduce the PA's efficiency. So, the ZVS condition should be satisfied to achieve a high efficiency and only the subnominal amplifier is addressed in this paper. This paper is organized as follows. The operation of the PA will be analyzed to determine its optimal condition in Section II. Closed-form equations of its parameters will be derived to build up the circuit model of the subnominal class-E amplifier in Section III. In Section IV, the effectiveness of the proposed model will be validated and the effects of the amplifier's design parameters' variations on its characteristics will be investigated on a given WPT platform. Then, the optimal design parameters with the highest efficiency and a safe voltage stress will be solved and a WPT experiment will be carried out to validate the feasibility of the optimized amplifier. Finally, the conclusion will be given in Section V.
II. DETERMINATION OF HIGH-EFFICIENCY OPERATING
CONDITION FOR CLASS-E PA Fig. 2 shows the circuit topology of a single-ended class-E PA, including a power loop composed by a power source V dd and a choke inductor L choke , a switching loop composed by a MOSFET, a driver and a shunt capacitance C sh , and a load loop composed by a serial capacitance C ser and an inductive load (L load , R load ).
In order to simplify the modeling, the analysis is carried out based on the following assumptions [30] - [32] :
1) The inductance of the choke inductor is large enough so that the power current I dd is constant. 2) The quality factor of the load loop is large enough so that the load current I load can be taken as a pure sinusoid. The switching loop has three conductive paths, including the channel and body diode of MOSFET and the shunt capacitance [32] . During the turn-on period (V gs is high), the channel is always conductive. During the turn-off period (V gs is low), the conductive path of the loop is determined by V ds . When V ds is above 0, the shunt capacitance is conductive. When V ds reduces to 0, the body diode starts to conduct.
According to the conductive paths during the turn-off period, the operation of the PA can be divided into four cases [32] , as illustrated in Fig. 3 . In case I, the shunt capacitance is always conductive during the turn-off period and the ZVS condition is unsatisfied. In case II, the shunt capacitance is conductive first and then the body diode starts to conduct when V ds reduces to zero. Although the ZVS condition is satisfied, the conduction loss of the body diode would also reduce the PA's efficiency. In case III, the shunt capacitance is conductive again at the end of the turn-off period and the ZVS condition is also unsatisfied. In case IV, the PA operates at the subnominal condition and there is no switching loss or conduction loss of the body diode. The efficiency of case IV is much higher than those of the other cases, i.e., case IV is the high-efficiency operating condition for class-E PA. Therefore, we focus on this case in this paper.
III. CIRCUIT MODEL OF SUBNOMINAL CLASS-E AMPLIFIER
Based on the waveforms above, closed-form equations of the subnominal class-E amplifier are derived to build up its circuit model and the relationship among the parameters.
A. Waveforms
Fig . 4 illustrates the waveforms of the subnominal class-E amplifier. Based on the assumption above, the current I load can be expressed as where I out is the magnitude of I load , f is the frequency of the PA and α is the phase difference between the rising edges of I load and V gg . Then, the current I sw can be expressed as
During the turn-on period, I sw flows through the channel and V ds remains 0. During the turn-off period, I sw flows through the shunt capacitance and thus V ds changes with its charging or discharging as
where T is the time of one cycle and D is the duty ratio of the driving signal.
B. Derivation
The operation of the shunt capacitance during the turn-off period can be separated into two stages. In the first stage, I sw is above 0 and the shunt capacitance is charging. In the second stage, I sw is below 0 and the shunt capacitance is discharging. Since the ZVS condition is satisfied, V ds (T) should be 0. From (3), the ratio between I dd and I out is obtained as
It is obvious that the ratio is only related to D and α.
Because the PA's operating frequency locates in the vicinity of the load loop's resonant frequency, the loop can be taken to be driven by the fundamental component of V ds [32] . Then, the resistance R load of the loop can be derived as
where
In a WPT system, the frequency f and the resistance R load are normally specified. When D and C sh are given, the phase α can be solved with (5), which may be one solution, two solutions or no solution. Besides, according to the operation of the shunt capacitance, the current I sw should meet with the following two conditions:
Similarly, the reactance X load of the load loop is derived as
Because α can be solved with D and C sh , X load can also be solved with them. Besides, for the given inductance L load of the load, the serial capacitance C ser can be derived as
The input power P in of the PA equals to the sum of the output power P out and the conduction loss P loss as
where R ds is the channel resistance and
Then, the power voltage V dd can be derived as
Since V dd is proportional to I dd , the PA can be equivalent to a resistor R eq as
It is shown that both the load resistance and channel resistance contribute to R eq . The efficiency η of the PA can be derived as
In practical circuits, it is necessary to consider the voltage stress of MOSFET, which may bring in a breakdown risk. In order to avoid this case, V ds should be always below the safety threshold. As shown in Fig. 4 , I load is equal to I dd at time t 0 and the corresponding V ds reaches its peak value V sm , which can be expressed as
It is shown that V sm is proportional to I out and the proportional factor is only related to D and C sh . The safety threshold of V sm provides a limit on the selection of the design parameters.
C. Relationship Among the Parameters
The frequency f , the resistance R load and inductance L load of the inductive load and the current I out are all specified in the WPT system. The relationship among the parameters of the subnominal class-E amplifier is shown in Fig. 5 . D and C sh are input parameters. The effective solutions of α can be obtained with (5) and then all the parameters can be calculated with the equations above. So, D and C sh need to be optimized.
There are two constraints for the optimization of the design parameters. At first, the efficiency of the PA should be as high as possible to reduce the unnecessary loss and alleviate the heating problem. Besides, the voltage V sm should be always below the safety threshold to avoid the breakdown risk.
IV. MODEL VALIDATION AND OPTIMIZATION
A WPT platform was built up to validate the effectiveness of the circuit model and study the effects of the design parameters' variations on the characteristics of the PA. Then, its optimal design parameters can be obtained based on the model. Fig. 6 shows an experimental platform of the WPT system for capsule endoscope [33] . The fabricated class-E PA's layout is shown in Fig. 7 . Due to the constraints of electromagnetic compatibility and human safety, its operating frequency f was chosen to be 1 MHz [34] . The current I out should reach 5 A to transfer the adequate power to the receiving unit. IRF640 with on-resistance R ds of 0.18 Ω and breakdown voltage of 200 V was adopted as the MOSFET and IXDN414 with peak output current of 14 A was adopted as its driver to reduce switching time. In order to improve the reliability of the PA, the safety threshold of V sm is set to be 10% lower than the breakdown voltage, i.e., 180 V. A solenoid coil with the inductance L load of 60 μH and resistance R load of 1 Ω was used as the inductive load, an adjustable capacitance was used as the serial capacitance and a choke inductor L choke of 10 mH was used to stabilize the power current. Moreover, the shunt capacitance includes MOSFET's parasitic capacitance and an external capacitance. Normally, the former is far smaller than the latter, so it can be assumed to be linear. According to IRF640's datasheet, its capacitance is 430 pF. The circuit parameters were measured by using Agilent DSOX3034A oscilloscope and N2820A current probe.
A. Experimental Platform

B. The Effect of Duty Ratio
The duty ratio is an important design parameter related to the conduction time of MOSFET, which would affect its loss and the efficiency of the PA. When C sh is given, the characteristics of the subnominal class-E amplifier for different duty ratios can be calculated with the proposed circuit model and then the optimal duty ratio satisfying two constraints can be derived.
When C sh is 10 nF, the calculated and measured parameters of the subnominal class-E amplifier for different duty ratios are shown in Fig. 8 . When C sh is given, the effective solutions of α are only related to D. However, no explicit expression can be derived, so only traversal calculation is utilized to obtain their relation. It is shown that the solution of α would exist for D between 0.107 and 0.712. When D is between 0.107 and 0.662, only one solution is obtained. When D is between 0.662 and 0.712, two effective solutions are obtained. In the latter region, the efficiency corresponding to the higher solution of α is much higher, so only the higher solution of α is addressed.
In the calculated results, the efficiency for D of 0.107 can reach 99.47% and the corresponding C ser and V sm are 440.3 pF and 150.6 V, which are all the highest. When D increases from 0.107 to 0.712, the phase α would increase linearly and the efficiency of the PA would decrease from 99.47% to 77.02%, which is mainly due to the increase of the conduction loss. In the meantime, C ser would decrease from 440.3 pF to 423.5 pF, which indicates that the load loop is always in the inductive region and V sm would decrease from 150.6 V to 22.3 V, which is always below the safety threshold. Based on the constraints, the optimal duty ratio for C sh of 10 nF is 0.107. Besides, it is noted that the optimal duty ratio is dependent on I out . When a larger I out is required, the optimal duty ratio may need to be increased to meet with the safety threshold of V sm .
The characteristics of the PA for D between 0.1 and 0.7 are measured. It is shown that the measured efficiency for D of 0.7 is slightly lower than the calculated one, which is mainly due to the switching time of MOSFET and the conduction loss of the passive devices. However, the difference between them is small enough, so the proposed circuit model is verified to be effective. In general, the range of D at the subnominal condition is mainly limited by the effective solution of α and the safety threshold of V sm , and a lower D is preferred to reduce the conduction loss and improve the efficiency. 
C. The Effect of Shunt Capacitance
According to the relationship among the parameters of the PA, it is known that the shunt capacitance C sh is related to the solution of α, so it would also affect the PA's efficiency. Besides, it is reversely proportional to V sm , which may bring in the breakdown risk of MOSFET. Thus, it is another important design parameter for the PA.
When D is 0.5, the calculated and measured results of the subnominal class-E amplifier for different shunt capacitances are shown in Fig. 9 . Similarly, the effective solutions of the phase α are related to C sh . It is shown that the maximum C sh with the effective solutions of α is 32.25 nF. Only one effective solution exists for C sh below 29.22 nF, and two effective solutions exist for C sh between 29.22 nF and 32.25 nF. The detailed analysis procedure is shown in the Appendix. Similarly, the efficiency corresponding to the higher solution in the latter region is much higher, so only the higher solution is addressed.
It is obvious that two results match well with each other, so the effectiveness of the circuit model is again verified. When C sh increases from 1 nF to 32.25 nF, the phase α would decrease slowly, the efficiency would decrease from 91.74% to 83.45%, C ser would decrease from 535.1 pF to 423.8 pF and V sm would decrease from 795.7 V to 18.6 V. It is shown that the efficiency and V sm of the PA would both reduce with a higher C sh . In order to avoid the breakdown risk, C sh should be above 4.41 nF. Based on two constraints, the optimal shunt capacitance for D of 0.5 is 4.41 nF and its efficiency can reach 91.7%. In general, the range of C sh is also limited by the effective solution of α and the safety threshold of V sm , and a lower C sh with a safe voltage stress is preferred to achieve a high efficiency.
D. Optimization of Design Parameters
According to the analysis in Section IV, it is concluded that for a given duty ratio, there is an optimal shunt capacitance with the highest efficiency and a safe voltage stress. It is the core of the optimization method in this paper and the condition of the PA is called 'optimal subnominal condition'.
In order to prove the usefulness of the optimization method, the design parameters at the nominal condition should also be analyzed. The shunt capacitance and phase at this condition are only related to D [27] , which can be derived as
The optimal subnominal condition and the nominal condition can be taken as two special cases of the subnominal condition, so the proposed model can be applied. The characteristics at two conditions for different duty ratios are calculated, as shown in Fig. 10 . At first, with the constraints of the solution of α and the safety threshold of V sm , the range of D is between 0.097 and 0.975. In the upper and lower bounds of this range, all the parameters at two conditions are the same and closed cavities are constituted. It is shown that C sh of the optimal subnominal condition is always lower than that of the nominal condition, while the phase α, efficiency, C ser and V sm of the former are all always larger than those of the latter.
For the optimal subnominal condition, when D increases in the range, the shunt capacitance would decrease from 8.45 nF to 0.41 pF, the efficiency would decrease greatly from 99.6% to 65.0% and V sm is stable at the safety threshold of 180 V. It is verified again that a lower duty ratio is preferred to improve the PA's efficiency. Besides, it is shown that when D is below 0.9, the difference between the efficiencies at two conditions is basically proportional to D, so the efficiency advantage of the optimal subnominal condition is more obvious at a high duty ratio. In general, the optimal subnominal condition can realize a higher efficiency and is more suitable for the class-E PA, which validates the usefulness of the optimization method.
It is shown that when D is 0.097, all the parameters at two conditions are the same and the efficiency can reach the highest. At this duty ratio, the optimal shunt and serial capacitances are 8.44 nF and 443.9 pF respectively. Then, the corresponding calculated and measured characteristics of the PA are tabulated in Table I and the measured waveforms are shown in Fig. 11 . It is shown that two results match well with each other and their efficiencies are both above 99%, which validates the accuracy of the proposed circuit model. V sm is measured to be 181.6 V, which is below the breakdown voltage of 200 V. Besides, it is shown that V gs is not a pure square wave due to the parasitic elements of MOSFET. However, their influence on the PA's characteristics is small enough to be neglected. Therefore, the design parameters can be regarded as the optimal ones with the highest efficiency and safe voltage stress.
Additionally, the characteristics of the PA at two conditions for the commonly used 0.5 duty ratio are studied. The shunt and serial capacitances of the optimal subnominal condition are 4.41 nF and 443.3 pF respectively, while those of the nominal condition are 29.22 nF and 423.5 pF respectively. At these two conditions, the calculated and measured characteristics of the PA are listed in Table II . It is obvious that the results at the optimal subnominal condition match well with each other and those at the nominal condition have a slight difference due to MOSFET's switching characteristics. The efficiency and V sm of the optimal subnominal condition are measured to be 90.8% and 181.4 V respectively, while those of the nominal condition are measured to be 75.6% and 16.8 V respectively. Therefore, the optimal subnominal condition is a better choice for the PA due to its high efficiency. 
E. Wireless Powering Experiment
In order to validate the feasibility of the proposed optimal subnominal class-E amplifier, a capsule endoscope integrated with a receiving unit was used to wirelessly receive the energy from the transmitting unit, as shown in Fig. 12 . The receiving unit is composed of a receiving coil, a receiving circuit and a 100 Ω load and it was placed in the center of the transmitting coil, which is taken as the worst case [33] . For simplification, a one-dimensional coil with the turn number of 156, length of 10 mm and diameter of 7 mm was chosen as the receiving coil. Then, the induced AC voltage was transferred to a DC voltage by the receiving circuit to power the load. When the design parameters in Table II are used in class-E amplifier, the output voltage of the receiving circuit can reach 3.3 V and thus the receiving unit can operate regularly. The total efficiency of the WPT system for the nominal class-E amplifier is only 0.67%, while that for the optimal subnominal class-E amplifier is 0.78%. With the optimization of the receiving unit's design parameter, the total efficiency of the WPT system can be further improved. In general, the optimal subnominal class-E amplifier is significant for the efficiency improvement of the WPT system, which can bring about power saving and biomedical safety.
V. CONCLUSION
This paper proposes a novel circuit model for the subnominal class-E amplifier by introducing MOSFET's conduction loss and voltage stress. Closed-formed equations of the amplifier's parameters were derived, which are all associated with the duty ratio and shunt capacitance. The circuit model was validated to be effective and the relationship between the design parameters and the characteristics of the PA was investigated on a specific WPT platform for capsule endoscope. The measured efficiency of the PA can reach the highest of 99.3% at the 0.097 duty ratio. Besides, at the 0.5 duty ratio, the measured efficiency of the optimal subnominal condition can reach 90.8%, which is much higher than that of the nominal condition. Then, an experiment with a receiving unit was carried out to validate the feasibility of the optimal subnominal class-E amplifier. In general, this paper provides an effective optimization method to determine the design parameters of the class-E amplifier in a WPT system for biomedical implants.
APPENDIX DERIVATION OF α
For a given D and C sh , the solution of α can be obtained with (5), but no explicit expression can be derived. In this case, we will take 50% duty ratio (D = 0.5) as a special case to prove the conclusions. When D = 0.5 is substituted into (5) and (6), X 2 and C sh can be derived as
3 C sh f R load = 4 sin(2α) (A1) In order to ensure the validity of C sh , sin(2α) should be above 0 and α should be in the range of (0, π/2) or (π, 3π/2). Besides, since the maximum value of sin(2α) is 1, the maximum value of C sh can be derived as
For the given class-E amplifier, the frequency f is 1 MHz and the load resistance R load is 1 Ω. Then, C sh_ max can be calculated to be 32.25 nF. Besides, when D = 0.5 is substituted into (4), X 1 can be derived as
According to (7) and (8), f 1 and f 2 can be derived as
With the subtraction of f 1 and f 2 , it is concluded that sin(α) is negative and α should be in the range of (π, 3π/2). The relations between α/2π and f 1 /f 2 are shown in Fig. 13 . According to (A5) and (A6), it is known that the range of α is (atan(2/π) + π, 3π/2) and the corresponding range of C sh is shown in Fig. 14 . When α is atan(2/π) + π, the corresponding C sh is 29.22 nF. It is shown that two effective solutions of α exist when C sh is in the range of (29.22 nF, 32.25 nF), and only one effective solution of α exists when C sh is below 29.22 nF.
